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OVERVIEW Barriers

Timeline _
 Development of PHEV and EV batteries that meet or exceed the DOE
* October 1% 2020 - and USABC goals. Specifically targeting the development of calendar
September 305t 2025. life in silicon anode. Example gate criteria:
* Percent complete: 10% — Cost, Performance and Safety Additive enables favorable SEI
Example gate criteria: electrochemical stability,
Additive enables better SEI Li improves calendar life, is
Budget does 1t mprove calendar e ST NG TE e eis be scaled for 2
) and is itpcompatible with EEEEEE% EEEEEE% ’ Ah cells?
* Funding for FY20: cathodes? _ Manufacturing
$7500K Discovery Team Science Team Cell Team
UNDERSTAND DELIV(EIIi-IIiBI.ES
Electrochemistry 5 AR full cells
Stability Thrust Focus S AN 1000 cycles at C/3
>350 Wh/kg
I >750 Wh/L
T FEEDBACKLOOPS .-~ /

..................... cal. life >10 years



THRUST TASKS

Timeline

October 15t 2020 -
September 305t 2025.

Percent complete: 10%

Budget

Funding for FY20:
S7500K

Barriers

 Development of PHEV and EV batteries that meet or exceed the DOE
and USABC goals. Specifically targeting the development of calendar
life in silicon anode.
— Cost, Performance and Safety

Tasks

« Advanced Characterization of the Si/SEIl/Electrolyte
Interface Function

Electrochemical Stability of the SEI

Mechanical Characterization of the SEI
Next-Generation Materials discovery and

development

* The Science of Manufacturing

Cell manufacturing SEl = solid electrolyte interphase



MILESTONES

e Establish a Pre-lithiation protocol that can be utilized by all partners Q1 (complete)

e Go/no-go on HF etching of Silicon Oxide-silicon as viable route to silicon Q2 (complete)

e Go/No go on the Moire interferometry at as a method of probing the calendar life of
the silicon SEI? Q3 (complete)

e Produce 20 grams of next generation silicon’s with at least two different coatings, at
least one of which exhibits enhanced calendar life over the baseline commercial silicon
(NREL-centric) Q4

e Advanced version of the calendar life protocols that quantifies calendar life in silicon-
based anodes within 20% of the “real” calendar life predictions of calendar life. Q4

e Synthesis and testing of 5 different metallic glasses with theoretical capacities > 1000
mAh/g Q4

e |dentify active cell components and cell designs to achieve stable calendar life
electrode performance with a cell build demonstrating 300 cycles with <20% capacity
fade. Q4



ELECTROCHEMISTRY STABILITY THRUST OBJECTIVES

Thrust objective is to understand the electrochemical behavior of the Si SEIl and collect
electrochemical data to support calendar life estimates, protocols and provide parameter
Inputs for an electrochemical physics model of the SEI

oo RS OO o iyl = Objective 1

ecomposition Vi@ hydrolytic cycle displaces electrolyte . . H H H

Pores,rais it 00 Smallr 1 paricos « Determine electrochemical protocols to project Si calendar life
impedance, and\ ) of 4— resultin large reactive ° MOdeI the SI Calendar ||fe

cause power fade / surface area

f . J_ Chemical reaction
between Si and binder
‘si during calendar aging

Binder

Soluble products
react at cathode

Dissolution
of outer SEI

SEI continually
evolves/breathes

Continuous
) electrolyte
\ H,SiFe decomposition

LiPFg
H,0
HF etches SEI
hydrolytic} components and
\cycle Si active material
HF
)é PO,F, species
Passivating SEI on graphite
negligibly

W affected
by HF

Porous organic outer SEI:
Lithium alkylcarbonates,
oligomeric products Inorganic inner SEI:

Si0,, Li,COs, Li,SiO,,

LiF, Li,O

Schematic

of composite
electrode
processes that
affect calendar
life

= Objective 2
» Use electrochemical detection of soluble components
= Objective 3
» Measure Liionic conductivity parameters
= Objective 4
« Test Si SEI stability by (1) CV, (2) DPV, methods, and (3)
temperatures and (4) voltages of Vg4
= Objective 5

« Determine Si SEI porosity & integrity, and its electronic conductivity

= Objective 6
* Develop an electrochemical transport model for Si calendar life

~

/

 Li,Si chemical reactivity can affect electrochemical viability and robustness of the SEI
« Calendar life is likely impacted by electrode kinetics issues and current leakage (self-discharge)



ELECTROCHEMISTRY STABILITY THRUST APPROACHES

Thrust approach is to measure, quantitate and predict the (1) electrode kinetics of Si SEI
formation, and (2) collect electrochemical data to support calendar life estimates, protocols
and provide parameter inputs for an electrochemical physics model of the SEI

= Approach 1
* Measure leakage current at 0.1 V vs. metallic Li equivalent;
< 1.826*10-°> Amps/Ah Li-consumption for best Si calendar life
= Approach 2
* Use IDE electrode arrays to determine kinetic parameters of
Si electrode and measure soluble species
= Approach 3

measure ijm
SEI stability
Provide transport numbers
Li, Si reactivity
o side products

* Measure GITT properties of down-selected Si electrode I V(\
materials -> Li ionic conductivity parameters S\ e /
u ApproaCh 4 ? 3cycles @ C/10 2 cycles @ C/10

27V =Vig) 2TV =Vog)

* Develop new electrochemical protocols & methods for testing Si e

SEI stability ; —— [ ———

= Approach 5

* Redox probes and other methods to provide insight into intrinsic EER
properties of Si SEI, such as porosity, and amorphicity, & its : i

integrity and electronic conductivity \ : -




Technical Accomplishments and Progress

SI CALENDAR LIFE: TESTING PROTOCOLS

Cell building methods, and materials specified; capacity and lithium inventory maximized

Si(C)/LFP full cell

|

Formation cycles

|

Charge to 3.35V
and hold 180 h

|

N

o

0.5

(WS T

anode anode
Calendar-life Protocol |ithiati?/w \delithiation
1. 4 hour OCV rest : :

2. 3cycles @ C/10 (2.7 Vto Vi)

3. Charge to V,,, 180 hrs hold @ V,,,, discharge to 2.7 V

4. Optional: 2x cycles @ C/10 (2.7 V to V},z0)

180 hrs @ Vhign /

2 cycles @ C/10
(2.7 V = Vhign)

Voltage vs Time : 80wt% pSi (CAMP)

3 cycles @ C/10
(2.7 V = Vhign)

Capacity normalized to 8' delithiationhalf cycle

||||||||||||||||||||||||||||||||

Test Time {days)

Discharge to 2.7 V (measure delithiation anode capacity)

|

Conduct analysis (mean terminal current) by normalizing for capacity as A/Ah : o

METHOD:

« Large capacity from V, 4 + 4" CC charge
« Capacity normalized to 3" delithiation half cycle
before hold

Capacity normalized to 6™ delithiation half cycle
after hold

« Can calculate a Q,., and
Qirey @Nd plot versus no. of
days of Vg4

Current (3.35V hold)

uA/cm2

hout&® 150



Technical Accomplishments and Progress

SI-CONTAINING SYSTEMS: CELL CALENDAR LIFE

Different Si materials show different mean terminal currents: graphite system lowest, naturally

Cell Design
Table 1: Requirements of test and counter electrodes Example reporting:
Graphite baseline electrode
Si material <1.3 mAh/cm? 15 mm diameter 1.17 mAh/cm?
(14 mm vs. Li) 91.83 wt% Superior Graphite SLC1520P
Lithium iron >2.5 mAh/cm? 14 mm diameter 2 wt% Timcal C45 carbon
cathode: phosphate (LFP) 6 wt% Kureha 9300 PVDF Binder
Acceptable Lithium metal >2.5 mAh/cm?2 15 mm diameter 0.17 wt% Oxalic Acid
counter Electrolyte: 1.2 M LiPFs in ethylene-carbonate:ethyl-methyl-carbonate 3:7 + 10 wt% FEC
electrode: Mean terminal current
: @) ~ 30 nm Si, molecular coating . 3.9 nm Si, bare Nano Silicon
; 0.3 mAh/cm?
graphite + 15% Si 20 wt% 3.9 nm diameter Si nanoparticles
graphite (150 nm Si, oxide coating) 150 nm Si, oxide coating 65 wt% Timcal C65 carbon
Examples: .oosgr \ 15 wt% PAA Binder
SBoar Electrolyte: 1.2 M LiPFs in ethylene-carbonate:ethyl-methyl-carbonate 3:7 + 10 wt% FEC

Mean terminal current = 2.62 mA/Ah

0.014\\\

Mean terminal
Currents -> lead to qualitative assessment of Si SEI reactivity

Current (A/Ah)

0.001 4

1E-4

0 60 120 180
Time (h)



Technical Accomplishments and Progress

LONG TERM HOLD - VALIDATION TO A TIME DEPENDENCE

FUNCTION \/ 250
15% Si-Gr (A019), LFP, GenF .
: Qrev section
102 5 60 -
10" ; Current relaxation; capacity normalized % 501 //v
% 100 - 8 40-
3 ; Qirrev section
. - 30 - :
S 10-14 '
R e Vigo | | |
1 0 10 20 30 40
102 ¢ sgrt(Time)
) R - Qirrev is reasonable accordance with
T 2850 S0 730 1000 1250 1500 1750 t0-> dependence
D o
me ()  Must fit first 180 h
Qhold(t): Qirrev(t) + Qrev(t) « Scatter in data — coin cell is an issue

-> moving to pouch cells for V, g4

* Qrev very slow for Si (slow equilibration) measurements




Technical Accomplishments and Progress

ACCELERATED CALENDAR LIFETIME
PROTOCOL

Nano Silicon Vol hold Long voltage holds allows us to
102 + Oxidized Nano Silicon ao taaaiat'oe ;susr(reirs]trfleist determine the minimum experiment
- Functionalized Nano Sili .
£ 10 : G‘i;‘:h'fi';agiienni”f o of?:l:ileln dglr aging rates length to accurately predict future
:%L . Commercial Graphite (18650) Calendar ag|ng behaVIOI’
é 1071 30
8 —
1072 ?\-?-20 — Data
o R 3 180 Fit region a=0.196, p=0.5, c=5.868
i ] 10 12 ©10 Extrapolation
V-hold Time (hours) hourS ----------- Reversible Component, Q,e,=22.9%
0
0 500 1000 1500 2000
< 100.0 V-hold data 0 V-hold Time (Hours)
:> —— Quelithiation % = 100 - a*t%>
g 995 0 P
S 8 720 —— Data
S 99.0 3 Fit region a=0.123, p=0.5, c=4.91
E o 10 hours Extrapolation
= 985 — |y Reversible Component, Q,e,=22.9%
A Voltage holds of commercial = °" =30 900 =00 500
5 98.0 : cells allow us to develop V-hold Time (Hours)
e : o b BT functional_for_ms for qua_mtitative Qren(c + tﬁnal) ¢
TestTime (Days) calendar lifetime modeling Qhotg () = at? +
0 tfinal (C + t)




Technical Accomplishments and Progress

CALENDAR LIFETIME PROTOCOL - VARIABLE TEMPERATURES

AND VOLTAGES

Cell: Graphite vs LFP (A005B vs LN3237-59-7), 10wt% FEC/Gen2
Protocol: C/10x3 then hold at 3.335 or 3.35 V for 180 h

Conclusion: 3.335V-hold would not push into 3 plateau of graphite at all temperatures (3.35V would)

@3.335 V Voltage-Hold is more reliable measurement for predicting life stability of
anode SEI. Better stability at low temperatures — lower mean terminal current

AQO5B, 30C, 180h A005B, 10C, 180h

AnC

@3.35 V Voltage-Hold

A n-cA 1 anl
AUUOD, JUL, Loun

AQ05B, 30C, 180h

ot ‘
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1 0.15 012 |
| _— 01 i 01 T . i A0O5B, 30C, 180h
| --Initial Discharge after hold s0s |—-INitial Discharge after hold oos | --Initial Discharge after hold b
| st st 006 | —_qst L I
! 1st Full Cycle after hold oos |==1StFull Cycle after hold o IsHFull-Cycleafter told | "% —Initial Discharge after hold
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= 2 3 40
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! 1
! |
! 1
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1 1
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! |
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3 Plateau not seen for initial discharge

3'd Plateau seen for initial discharge
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Technical Accomplishments and Progress

IDENTIFICATION OF ROLES OF ADDITIVES TOWARDS IMPROVED
CALENDAR LIFE

Standard calendar-life protocol

using Si anode and LFP cathode 50 —— Gen 2-10%FEC
—— Gen 2-10%VC
10° » Gen?2 ) Vhigh =335V 40 —— Gen 2-2%FEC
50 —Gen 2 — Gen 2-2%VC
¢ Gen 2-10%FEC —— Gen 2-10%FEC
4 Gen 2-10%VC —— Gen 2-10%VC
10 40 - o 301
= 3
< .C
g 301 © 20
£
< 20 - 10+
c
g 10 1 o+ T 7T 7T 7
3 0 20 40 60 80 100 120 140 160 180
0 Time (h)

0 20 40 60 80 100 120 140 160 180

6 Time (h) Cell Mean Terminal | Quoq CE

O 20 40 60 80 100 120 140 160 180 Current %) | 4
The lower mean terminal current and accumulated capacity (Amps/Ah)

22.8 90.3

Time (h) during holding (Q,,.,q) indicates VC may work better than FEC Gen 2-10%FEC 477E5

is Si SEI stabilizer. .
Electrolyte Mean Terminal Qroi CE Gen 2-10%VC 2.40E-5 20.9 89.8
currant % " . o . .
(An‘:rr):':h) (%) (%) Since Si I|t_h|gt|<_3n may occur dunr_lg th_e holding, the CE R —— - P -
values (delithiation/lithiation + holding) is a another good
Genz 297ES 4 gsT indicator for comparing calendar life, and both FEC and VC Gen 2-2%VC 274E5 148 919
Gen 2-10%FEC 4 77E-5 228 90.3 Outperform Gen 2.

Gen 2-10%VC 2.40E-5 20.9 89.8

Lower the concentration from 10% to 2% (FEC or VC) affords
lower mean terminal current and Q,, 4, benefiting calendar life
performance and implying a optimal concentration may be

needed to achieve the balance between cycle life and
calendar life.

12



Technical Accomplishments and Progress

INTEGRATED MODELING OF SEI REACTIONS ON SILICON ANODE

Region of Li,O formation

o
~

Experimental voltage hold calendar life data
shows high capacity at low voltage holds and
detailed SEI modeling can help unravel this.

—_

o
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An atomistic-informed continuum-scale
multiphase, multispecies mechano-
electrochemistry model is developed
- Consider electrochemical and chemical o m e W om oW W ow W
reactions JEC 42 - (Li* + ¢7) — LLEDC 4+ R 0 20 30 40 50
* Resolve species transport to c_:gpture porous bl DMC 4+ Li* + e - LIMC + R 2E[‘+2-¢i:5’*l T??fs L[!n:;g) -
layer SEI growth and compositional variations Region of LIMC formation :
* Resolve strong potential gradients in the solid
SEI to determine solvent decomposition in the
liquid electrolyte

o
(]

0.4 1

o

parasitic capacity (Ah)/discharge capacity (Ah)

o
o
[+

Total SEI volume fraction [-]

[=]

(=]

0.1LLEDC + Li" 4+ ¢~ — 0.6Li,0 4 0.4C

\ 1 ——0d av
4d
) 16d| |
— 324

-

o
o

e
=2}

Co-solvent decomposition, and solid phase
conversion reactions alongside primary solvent
decomposition leads to the formation of bi-layer
SEI with thickness evolution following square root
of time dependence.

<
=

SEIl thickness [nm]
]

Total SEI volume fraction [-]

[=]

10 20 30 40 50

=]

SEIl thickness [nm] 00 10 20 30 40
time [days]
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Technical Accomplishments and Progress

SEI ELECTRONIC CONDUCTIVITY AFFECTS CALENDAR LIFETIME

- Low voltage holds (high
SOC of Si) resultin
thicker SEI formation due
to the high driving force
for Li,EDC formation.

« Higher electronic
conductivity of the SEI | o = L
exacerbates the o vV . S
electronic current and time [hours] " Gl Y " eegous] |
drives faster SEI —
formation generating a ] o
thicker SEI.

« Voltage scan between
0.05Vand 1.5V at
different scan rates of
0.1, 0.5, and 1 mV/s are
also performed. o s 10 150 200

time [hours]

0.1 mV/s

-t

o
o

voltage [V]

SEI thickness [nm]

SEIl thickness [nm]

0.2+

» SEI thickness increases due to the reduction of
electrolyte species to solid phase components.

» Allowing for reversibl& solitdljphaseé conversion reactions
(Li,EDC—-LIi,CO,, Li,EDC—LIi,CO; — Li,O and vice
versa) can explain observation of breathing seen in the
SEI on silicon.

SEI thickness [nm]

V=200 mV
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CONCLUSIONS AND NEXT STEPS

Conclusions:
= Sicalendar life can be assessed via electrochemical methods utilizing V,,,4 for estimates of life
« Mean terminal current is qualitative assessment of Si calendar life; higher current, lower Si
calendar life
« SEI electronic conductivity affects Si calendar life; more electronic current, then more SEI
= 30% of Si particle volume is SEI material based on synchrotron XRD results
= VC shows lower mean terminal current value than FEC; could have impact on Si calendar life
= 3-electrode current leakage study: LFP/Si cell shows better behavior than Si/LCO in mean terminal
current level.

Next steps:

= Provide electrode parameters for electrochemical physics modeling

= |nitiate semi-quantitative numerical modeling of Si calendar life projection from V, 4

= Complete IDE fabrication

= Conduct redox probe molecule assessment of SEI morphology

= Quantify mass fractions of crystalline SEI species for different stages during formation cycling.

= Work with the Mechanical team to measure how temperature affects the SEI species and
compare results to calorimetry findings.

= Use more three-electrode cell designs to determine Si SEI electrochemical degradation vs.
cathode behavior

15
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